Abstract : Previously, we demonstrated the presence of a second copy of LPS myristoyl transferase in enterohemorrhagic Escherichia coli O157:H7, an important zoonotic diarrheagenic food-borne pathogen; the pO157-encoded ecf (an eae-conserved fragment) and the chromosomally-encoded lpxM (also referred to as msbM) genes. Although both genes share the same function as an LPS myristoyl transferase, the pO157-encoded ecf is thermoregulated via an intrinsically curved DNA while the chromosomal lpxM is regulated by the PhoP/Q two component regulatory system. However, it is unclear why E. coli O157: H7 carries two copies of LPS myristoyl transferase that are differentially regulated. In this study, a whole genome-scale transcriptome specific to E. coli O157:H7 was carried out for identification of the genes differentially expressed in the amyristoylated E. coli O157:H7. The results identified a total of 110 EHEC genes that were up-or down-regulated in the amyristoylated E. coli O157:H7 strain, including genes associated with virulence (26.36%), metabolism (20.91%), transport (10.91%), signal transduction (4.55%), genetic information processing (3.64%), stress response (2.73%), regulatory function (2.73%), motility/adherence (3.64%), cell envelope (2.73%), cell division (1.82%) and ORFs of unknown function (17.27%). Of particular interest, the expression of LEE pathogenicity island genes was significantly influenced by LPS structural defects.
INTRODUCTION
Enterohemorrhagic Escherichia coli (EHEC) is an important zoonotic, diarrheagenic food-borne pathogens. Human infections by EHEC have been highlighted because of its morbidity and mortality which can threaten public health [7, 17, 18] . In particular, E. coli O157:H7 is the EHEC serotype highly associated with most outbreaks of severe cases. Since E. coli O157:H7 has been originally identified from the two independent outbreak cases as an etiological agent of hemorrhagic colitis and hemolytic uremic syndrome in 1982, many outbreaks have occurred all over the world [19] . E. coli O157:H7 related-diseases are estimated at approximately 76,000 cases each year in the United States, resulting in 11 deaths [3] . The microorganism possesses three major virulence factors; Shiga toxins (Stxs), the locus of enterocyte effacement (LEE) pathogenicity island, and a very stable, 93-kb F-like virulence plasmid (pO157) [12] . Stxs are potent cytotoxins with an N-glycosidase activity, which cleave a specific adenine residue on 28S rRNA and inactiviate the 60S ribosome [8] . The LEE pathogenicity island encodes a type III secretion system (TTSS) and its effector molecules such as an outer membrane adhesin (intimin encoded by the eae gene), a translocated intimin receptor (Tir) which are responsible for unique histopathological alterations in the intestinal epithelium, referred to as attaching and effacing (AE) lesions [6] .
Lipopolysaccharide (LPS) in gram-negative bacteria is an important component providing structural integrity of the outer membrane. Bacteria can modify their lipid membrane structure to adapt to environmental conditions [21, 24] . In addition, it has been suggested that these structural alterations can regulate vital bacterial functions and virulence in various pathogenic bacteria. In Yersinia enterocolitica, one of the enteric pathogens, repression of the LPS somatic (O) antigen can be a signal to regulate some virulence factors [4] . Deletion of the msbB gene in Salmonella Typhimurium, a gene encoding the enzyme that myristoylates the lipid A precursor in LPS, lowers bacterial resistances to acids, oxidative stress and high osmolarity [9] . Structural change of the LPS O-antigen in Pseudomonas aeruginosa has also been reported to influence expression of TTSS in vitro and in vivo [1] . In E. coli, mutations with minimal LPS structures led to strong induction of the CpxR/A and σ E signal transduction pathways related to envelope stress response [11] . Previously, we demonstrated the presence of a second copy of LPS myristoyl transferase in E. coli O157:H7; the pO157-encoded ecf (an eae-conserved fragment) and the chromosomally-encoded lpxM (also referred to as msbM) genes. Although both genes share the same function as an LPS myristoyl transferase, the pO157-encoded ecf is thermoregulated via an intrinsically curved DNA while the chromosomal lpxM is regulated by the PhoP/Q two component regulatory system. However, it is unclear why E. coli O157:H7 carries two copies of LPS myristoyl transferase that are differentially regulated. Given that almost all E. coli O157:H7 strains possess the pO157 virulence plasmid, we speculated that this genetic redundancy might provide a selective advantage to E. coli O157:H7 for survival through the gastrointestinal tracts and persistence in ex vivo environments such as farms. Indeed, the amyristoylated E. coli O157:H7 mutant strain (Δecf ΔlpxM) exhibited pleiotropic effects, including decreased resistance to gastric fluids, antibiotics and detergent, lowered motility, changes in bacterial membrane morphology, and a rapid clearance from the bovine GITs and farm water troughs [23] . Although we cannot explain how a simple LPS structural modification, especially in the lipid A moiety, induces several phenotypic changes, it was hypothesized that LPS structural modification alters the global gene expression in E. coli O157:H7. Therefore, in the present study, a whole genome-scale transcriptome specific to E. coli O157:H7 was conducted for identification of genes that are differentially expressed in the amyristoylated E. coli O157:H7
MATERIALS AND METHODS

Bacterial strains and growth conditions
The wildtype E. coli O157:H7 ATCC 43894 and its isogenic amyristoylated Δecf ΔlpxM mutant YH131 strains were constructed in our previous study and used in this study [23] . In general, all of the E. coli strains were grown and maintained in Luria-Bertani (LB) broth or agar at 37℃. For microarray analysis, bacteria were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco) under the gastrointestinal tract (GIT)-mimic conditions previously known to induce TTSS-dependent secretion of EHEC effector proteins [10] .
Structural analysis of LPS fatty acids
LPS was prepared from overnight cultures by hot phenol extraction [23] . The LPS fatty acids were derivatized by methanolysis in 1 ml of 2M methanolic HCl at 90℃ for 18h. After addition of saturated NaCl, the methylesters were extracted using an equal volume of hexane. GC/MS analysis of LPS was performed as previously described using a Hewlett-Parkard (HP) series II 5890 gas chromatograph equipped with acapillary fused-silica column (30 m × 0.25 mm) coated with ZB5-MS (Phenomenex) with a programmed temperature gradient from 100 to 300℃. An HP quadropole MS (5989A) controlled by HP MS Chemstation software (PC version) was used [23] .
Microarray analysis
Bacterial cultures grown in LB at 37℃ for 18 h were diluted 1:100 in 30 ml of pre-warmed DMEM and further incubated statically at 37℃ in presence of 5% CO2 until the optical density at 600 nm (OD 600 ) of 0.85. The cultures were mixed with five volumes of RNAlater (Ambion) in oder to stabilize RNA and stored at 4℃ until use. Total RNA was extracted using a RiboPure TM -Bacteria Kit (Ambion)
according to the manufacturer's instruction. The quality of the RNA samples was confirmed by microelectrophoresis and the samples were sent to Macrogen (Daejeon, Korea) to request Microarray analysis using a 35-mer genomic microarray for E. coli O157:H7 strain EDL933 (ComboMatrix Prokaryotic 12K Platform). Two independent sets of the samples were collected and analyzed for identification of more reliable genes. After data extraction and background calculation, the microarray data for individual samples were normalized by a global normalization using probes with signal values greater than zero, signal values less than 60,000 (saturation value), and signal values greater than the lowest 5% of the signal values of each sample. Local-pooled-error test was applied for determination of differentially expressed sets of genes across two experimental groups. Statistical significances were adjusted by FDR multiple-testing correction as previously described [5] . The significance was analyzed using the ArrayAssist ® 5.5.1 (Stratagene, La Jolla, USA) software. Complete linkage hierarchical clustering was performed based on Euclidean distance measures of samples using the normalized significant genes. 
RESULTS AND DISCUSSION
LPS structures of the amyristoylated E. coli O157:H7 mutant YH131 strain
Our mass spectrometry analyses demonstrated that the wild-type E. coli O157:H7 strain had a mature hexa-acylated LPS ( Fig. 1; m/z=1798 ). In contrast, its isogenic mutant strain YH131 displayed two different forms of LPS; amyristoylated penta-acylated LPS (m/z=1586) and hexa-acylated LPS (m/z=1824) (Fig. 1) . Since YH131 did not carry any myristoyl tranferase genes, the observed hexa-acylated LPS in this mutant strain is likely due to a kind of compensation of the amyristoylated LPS with palmioleate ( Fig. 1) . Although the functional role of this palmioleated hexa-acylated LPS is unknown, bacterial compensation of amyristoylated penta-acylated LPS with palmioleate implies its biological significance.
Identification of 110 genes of E. coli O157:H7 that were differentially expressed by amyristoylation of LPS
The expression levels of each of 5,204 open reading frames (ORFs) were determined in E. coli O157:H7 ATCC 43894 and YH131 using a microarray technique (see Materials and Methods). ORFs with more than two-fold changes in transcription expression were further analyzed. The results showed that a total of 110 EHEC genes were significantly up-or down-regulated in the amyristoylated mutant strain when compared to the wild-type strain; 42 genes were up-regulated and 68 genes were down-regulated in YH131. Results of the ontology analysis showed that half of the genes were related to virulence (26.36%) and metabolism (20.91%) in function ( Fig. 2A) , followed by genes associated with transport (10.91%), signal transduction (4.55%), genetic information processing (3.64%), stress response (2.73%), regulatory function (2.73%), motility/ adherence (3.64%), cell envelope (2.73%), miscellaneous functions (2.73%), cell division (1.82%) and ORFs with unknown function (17.27%) (Fig. 2A) . Notably, most of the metabolism-related genes were up-regulated while almost all of the virulence genes were down-regulated (Fig. 2B) .
Virulence-related gene expression in amyristoylated E. coli O157:H7 strain Our data revealed that the expression levels of LPI genes such as LEE operons, map and grlRA genes were downregulated (Table 2 ). Ler (LEE1-encoded regulator) was previously known to function as a master regulator of LPI and the other regulators in LPI, GrlR/A, also regulate LIP genes through interaction with Ler [2, 6] . However, in this study, no Ler gene was identified, suggesting that downregulation of LEE genes was induced by the Ler-independent pathway. In a recent study, Russell et al. reported that transcription of LEE2 and LEE4 could be positively regulated by GrlR/A with or without Ler acti-vation [20] . However, there are still some questions regar-ding how LPS modification influences the GrlR/A operon. It would be possible that amyristoylation of LPS could act as the envelope stress that triggers the stress response pathways [11] . Envelope stress could activate the Cpx signal transduction pathway whose overexpression represses LEE1, LEE4 and LEE5 expression [13] . Although the cpxR expression of YH131 was increased, its fold change was under two-fold when compared with the wild-type strain (data not shown).
On the other hand, expression of the B subunit of Shiga toxin 1 (Stx1B), a potent bacterial toxin in EHEC, was upregulated (Table 1) . Phage induction by SOS response was previously known to influence expression of both Stx1 and Stx2 subunit genes whereas the iron-dependent regulation of Stx affects only Stx1 [14, 22] . Thus, the iron-related me- chanism would be more proper in explaining our results, in which only Stx1 expression was increased. However, the expression level of Fur, the major regulator of the ironconcentration dependent mechanism, was not changed. The linkage between amyristoylation of LPS and the iron-concentration dependent regulation of Stx may be required for further study. The expression levels of genes involved in flagella assembly were increased in the mutant with LPS modification (Table 1 ). GrlR/A is known to negatively regulate the flhDC operon, the master regulator of flagellar expression. As shown in Table 1 , decreased GrlR/A operon expression by amyristoylation of LPS could affect the flagella assembly process. However, increased expression of flagella did not agree with the previous result, in which swarming capability was lowered in the amyristoylated E. coli O157:H7 strain [23] . We cannot explain this observation, but speculate that impaired membrane integrity by LPS modification could cause difficulty in formation of intact and stable flagella apparatuses, which are structured across the lipid-bilayer membrane.
Other gene expression in amyristoylated E. coli O157 :H7 strain Two-component regulatory system, EvgAS, controls resistance to acid, drugs and high osmolarity [15] . In the current study, expression of evgA and evgS genes was down-regulated (Table 2 ). This result corresponds to those of our previous study which showed that the amyristoylated E. coli O157:H7 strain was more susceptible to gastric acid and antibiotics compared to the wild-type strain [23] .
In addition, we found that most genes showing changes in metabolism-related gene expression were up-regulated except for genes associated with energy metabolism using carbohydrate (pfkB, kduI and cybC) (Tables 1 and 2) . Genes for utilization of amino acid (aroA, metC, asnA and pyrI), fatty acid (accD and fabB), nucleic acid (guaC, purE, udk and purM), metal (entB, entC, entE and moaB) and vitamin (bioB) were more highly expressed in the amyristoylated mutant than in the wild-type strain (Table 1 and 2). Restriction of energy production could be understood in a context of the strategy for energy conservation responding to stressful conditions by the envelope modification. PdhR gene, a master regulator of the entire oxidative energy metabolic pathway, was also down-regulated, which might influence the above mentioned down-regulated genes for energy metabolism [16] .
In conclusion, our transptomic analysis demonstrated that the overall changes in gene expressions of amyristoylated E. coli O157:H7 are likely due to envelope stress by membrane structure modification. Most interestingly, LEE operon expression was drastically influenced by LPS structural defects, to the best of our knowledge, this is the first study to report such a finding. Because of complex interactions of bacterial genes, difficulties were encountered in the effort to elucidate the pathways regulated by LPS modifica- 
